When a texture pattern was briefly presented followed by a small annular mask, it was found that the central area of the texture was strongly suppressed within the mask. Analogous to filling-in of brightness in a uniform luminance area (Paradiso, M. A. & Nakayama, K. (1991 ) Vision Research, 31, 1221-1236, this phenomenon demonstrates filling-in of texture; the texture area was unperceived because filling-in of the texture area was interrupted by the contour in the mask. However, odd local features within the texture, which were assumed to pop out, were selectively perceived while other features were suppressed within the mask. These results suggest that: (1) rapid pattern segregation occurs before and/or separately from texture filling-in, and that (2) filling-in is initiated at boundaries between surfaces rather than at luminance gradients.
Introduction
It has long been recognized that early visual mechanisms are insensitive to a uniform area of luminance or wavelength, while extracting their discontinuities such as lines and edges (Marr, 1982; DeValois & DeValois, 1990) . However, it is also true that we usually see the brightness and color of a uniform area as surrounded by edges. Accordingly, a gap exists between the perception of these surface attributes and the retinotopic neural representation corresponding to it. To bridge this gap, several models have been proposed where the neural representations for the areal brightness and color are reconstructed in the filling-in process from the outputs of the early mechanisms (Gerrits & Vendrick, 1970; Grossberg, 1987) . The idea of filling-in has been shown to be useful for describing classical visual illusions such as Mach Band, simultaneous brightness (color) contrast, and the Craik -O'Brien-Cornsweet effect, which are difficult to explain just by lateral inhibition in the early level (Gerrits & Vendrick, 1970; Todorovic, 1987) . In the filling-in models, it is generally assumed that brightness and color signals are initially encoded at the edges, then propagate towards the inner area of the stimulus. Indeed, recent physiological evidence for lateral propagation of neural activities in the visual cortex of mammals (Grinvald, Lieke, Fristig & Hioldesheim, 1994) may support this assumption.
Recently, Paradiso and Nakayama (1991) demonstrated the filling-in of brightness in a uniform stimulus, using a masking display like those used in studies of metacontrast (see Breitmeyer, 1984 , for a review). They found that when a uniform luminance disk was flashed followed by an annular mask smaller than the initial disk, the brightness of the disk was strongly suppressed within the mask (the phenomenon itself has already been reported by Takagi (1927) , Werner (1935) , and Stoper and Mansfield (1978) ). They additionally found that the suppressive effect was sustained longer as the disk became larger and the mask smaller. Based on these results and the other phenomenological observations, which were unpredictable from the classical theory of pattern masking (as discussed later), they concluded that such suppression must be caused by the contour in the mask, which prevented filling-in towards the central area of the disk. More recently, Arrington (1994) has successfully simulated their results using a computational model of filling-in proposed by Grossberg and his colleagues (Grossberg, 1987; Grossberg & Todorovic, 1988) . Additional evidence for brightness and darkness filling-in has also been shown in the time-course of brightness induction (Rossi & Paradiso, 1991) , and in the apparent brightness and darkness of uniform disks temporally modulated at low frequencies (Paradiso & Hahn, 1996) .
Suppression of the texture area
We found that areal suppression occurs not only for uniform luminance stimuli but also for texture patterns (Motoyoshi, 1994) ; (the phenomenon itself has been reported by Takagi, 1927 and Caputo, 1998) . If a large texture pattern composed of line segments, dots, or gratings was briefly presented followed by a small annular mask, the texture area within the mask was strongly suppressed (Fig. 1) . In the first experiment, we demonstrate this using a grating pattern.
Experiment 1

Methods
The stimulus display was generated and presented on a 17¦ RGB monitor (IDEK&IDEXON MF8517) controlled by a personal computer (NEC PC9801BX3) with a frame-buffer (DigitalArts HyperFrame3, 8-bit resolution for each plane) which had a pixel resolution of 33.7 pixels deg − 1 at a viewing distance of 68.5 cm, and a 56.4 Hz refresh rate. The test stimulus was a circular patch of diagonally oriented sinusoidal grating of 4 c/deg. The mask stimulus was a thin (about 5 min in width) annulus. The background was a gray field of 20 cd/m 2 . The test grating had a contrast of 0.4 modulated around the mean luminance equal to the background, and was half-wave rectified. The diameter of the test grating was varied among 1.5, 3, 4 and 5°( 2.5, 3, 4°for subject KH). The diameter of the mask was 2°. The mean luminance of the mask was 30 cd/m 2 .
Four undergraduates participated in the experiment. All had normal or corrected-to-normal vision. In each trial, the test grating was presented for 17.7 ms followed by the mask for another 17.7 ms with a certain stimulus onset asynchrony (SOA) varied from about − 500 to 500 ms. The test and mask were both presented 2°below the fixation cross. The test was presented to either of the subject's eye, and the mask to the another eye (i.e. dichoptic viewing condition; see Turvey, 1973) . In 1/5 trials, the circular region of 2°d iameter in the center of the test grating was removed and replaced by the uniform gray of the background. The subject's task was to indicate whether the filled or the holed test grating had been presented. No feedback was given. If the mask was not presented, it was of course easy to discriminate between the two. Sixty trials for each condition were run in random order.
Results and discussion
Fig . 2 shows the proportion of correct responses for the filled test grating as a function of SOA between the test and the mask. Each symbol represents the size of the test grating. The proportion correct for the filled test grating (n= 48 for each condition) profoundly decreased at SOA from − 150 to 150 ms, indicating strong suppression of the central grating area. The proportion correct for the holed test grating was always higher than 85% and had no systematic variation (so not shown in the graphs). The graphs also show that the magnitude of the suppression increases as the diameter of the test grating increases.
Our stimulus sequence is similar to those that cause metacontrast. As with the case of the brightness area (Paradiso & Nakayama, 1991) , however, the classical theory of metacontrast is inappropriate for explaining the suppression of the grating area. First, the mask's energy was not enough to cause metacontrast. In fact, if a test grating was smaller than the mask as in the typical metacontrast condition, perception of the grating was barely affected by the mask (see open triangles in Fig. 2 ). Second, suppression of the grating area was more prominent for larger test gratings, contrary to the general characteristics of metacontrast; namely, increasing separation between the test and the mask produces a less suppressive effect (Breitmeyer, 1984) .
On the other hand, the results are consistent with the previous finding (Paradiso & Nakayama, 1991) , obtained with uniform luminance stimuli. In our display, suppression of the texture area was the most profound near the 0 ms SOA, where the uniform luminance area was suppressed to the maximum degree by the annular mask in their study; but this point may not be crucial because maximal masking is generally found at 0 ms SOA in dichoptic condition (Turvey, 1973) . A similar dependency of the suppressive effect on the stimulus Fig. 1 . Suppression of a texture area. When a texture pattern is briefly presented followed by a small annular mask with a short SOA, the central area of the texture is suppressed within the mask. size was also found for the uniform luminance area, although this dependency was less clear for the texture area than for the luminance area. These consistencies imply that a common mechanism is involved in both the suppressive effect for the texture area and that for the uniform luminance area. Thus, it is possible that suppression of the texture area is also based on the interruption of filling-in by the contour in the mask.
Selective perception of odd features during masking
We also found a more interesting phenomenon. In the masking display described above, if the texture contained a local pattern, different from the others, the local pattern was selectively perceived within the masked texture area. For example, if a vertical line segment in the center of a texture of horizontal line segments was presented followed by the mask, the vertical line segment alone remained visible while the horizontal line segments were all suppressed within the mask (Fig. 3a) . Similar selective unmasking was also found for an odd colored element (Fig. 3b) , or for a texture region with different orientation (Fig. 3c , see also Caputo, 1998) .
It has been well known that an odd local shape or color in the texture as shown in Fig. 3 is rapidly segregated, thus popping out from the background texture (Bergen & Julesz, 1983; Nothdurft, 1985a Nothdurft, ,b, 1992 . Accordingly, a simple explanation for the selective perception of an odd feature during masking is that rapid segregation survives the odd feature from the masking effect. However, it remains possible that unmasking of the odd feature is merely a result of masking which is less effective to particular features or structures than to others (Weisstein & Harris, 1974) . It has been shown that inhibitory interactions in a backward masking condition depend on similarity in spatial frequency (Rogowitz, 1983) or orientation (Werner, 1935) between the target and the mask. A further possibility may be the reduction in the suppressive effect due to inhomogeneity of orientation within the texture. Whether pop-out occurs or not, an inhomogeneous texture may be less suppressed in our masking display. In the following experiment, however, we demonstrate how pop-out is essential for selective perception of the odd local feature during masking of the texture area.
Experiment 2
Methods
The test stimulus was a texture composed of 25× 25 horizontal and vertical line segments subtending 8× 8°a s a whole (Fig. 4) . The mask was a square frame of 2 × 2°that was made of thin lines (about 5 min in width). The proportion of the number of line segments with one orientation (vertical or horizontal) to the whole number of line segments (vertical+ horizontal) within the texture was varied from 1 to 99%. Although orientation of each line segment was randomly chosen, the central area of the texture was constrained so as to contain at least one line segment of both orientations, even when the proportion of either orientation was extremely low. Each line segment (about 16 min in length and 5 min in width) was arranged with a separation of 3 min. The mean luminance of each line seg- In each trial, the texture was presented for 17.7 ms followed by the mask for another 17.7 ms, with a SOA of 50.4 ms. The two stimuli were presented at 3°left from a fixation cross. Trials were divided into two blocks. Two undergraduates and the author viewed the display with their right eyes (i.e. monoptic viewing condition), and were asked to detect a vertical line segment within the mask in one block, and to detect a horizontal one in the other block. If the mask was not presented, it was easy to detect the target. Sixty trials for each condition were run in random order. . Since all textures contained more than one target line segment within their central areas, the detectability for the target could always be expected to be perfect, or to decrease as the number of the targets decreased. However, the graphs show that the detectability for the target line segments increased as their proportion decreased. Thus, fewer line segments could be easily perceived during masking.
Results and discussion
Since the detectabilities for the target line segments do not depend on the target's orientation itself, the results could not be accounted for by the masking effect selective to a particular orientation component. The reduction in the masking effect due to orientation inhomogeneity is also inappropriate for explaining the Fig. 3 . Selective perception of an odd local feature within a suppressed texture area. In the masking display as in Fig. 1 , a local pattern with a different shape or color from the others pops out and remains visible while the others are all suppressed within the mask (a, b). The same selective perception is observed for a texture composed of different shapes (c). results. The detectability for the target line segments peaks not at the proportion of 50% at which orientation inhomogeneity within the texture is at a maximum, but at 1%, at which the number of either of the orientation segments in the texture is at a minimum.
The results are, on the other hand, comparable to a number of empirical findings concerning texture discrimination and visual search. It has been suggested that rapid segregation of a target feature in these tasks (i.e. pop-out) is mainly determined by the difference of a certain feature between the target and the other local elements (distracters), rather than by the target's feature itself (Nothdurft, 1985a (Nothdurft, ,b, 1992 . Other studies have shown that uniformity in the features of the distracters is also crucial (Nothdurft, 1992) . It should be noted that these tendencies are in line with the detectability for the target line segments in our masking display. Accordingly, we conclude that rapid pattern segregation must be a determinant for selective perception of the odd feature during masking.
General discussion
The results of the two experiments demonstrated that the texture area was suppressed in a transient masking condition, although an odd feature within the texture area did survive under the masking effect.
As shown in Experiment 1, suppression of the texture area is similar to that of the uniform luminance area (Paradiso & Nakayama, 1991) with respect to the timecourse of the masking effect and the dependency on the stimulus size. However, interruption of filling-in, which successfully explained the results with uniform luminance stimuli (Paradiso & Nakayama, 1991) , cannot simply be applied to our results. Since the early edgesensitive mechanisms might be responsive to each of the local elements within the texture, in contrast to the case of uniform luminance stimuli, the perception of the texture area can only be described by the output of early mechanisms responsive to local luminance gradients. Thus, the filling-in process may not be necessary for explaining the perception of the texture area.
However, it is more appropriate to postulate that the early mechanisms are unresponsive not only to the uniform luminance area but also to the texture area. In psychophysical models for texture segregation, it is assumed that detection and allocation of texture borders are based on the inhibitory interactions among orientation selective filters at different positions (Sagi & Julesz, 1987; Landy & Bergen, 1991) . Because of this higher-order lateral inhibition, the models are insensitive to a uniform texture area whereas they extract discontinuities of orientation and of the other spatial structures. In addition, recent neurophysiological studies have revealed that such mechanisms are implemented in the visual cortex of the monkey. It has been found that neurons in V1, V3a, V4, and MT can hardly respond to a large texture or grating covering their classical receptive fields, even when each local pattern within it was optimal to them (Allman, Miezin & McGuinness, 1985; Desimone & Schein, 1987; Gaska, Jacobson & Pollen, 1987; Sillito, Grieve, Jones, Cuderio & Davis, 1995) . In addition, it has been shown that these neurons respond vigorously to a local pattern which has a salient orientation, color, or direction of motion among stimuli in the area surrounding the classical receptive field (Desimone & Schein, 1987; Schein & Desimone, 1990; Knierim & Van Essen, 1992; Gallant, Van Essen & Nothdurft, 1995; Lamme, 1995; Sillito et al., 1995) .
The unresponsiveness of the early mechanisms to the texture area may explain both the masking of the texture area and unmasking of the odd feature. Thus, a low-energy mask could suppress the texture area because the mechanisms were unresponsive to it. The odd feature in the texture area, on the other hand, could not be masked because the mechanisms were responsive to it. Knierim and Van Essen (1992) recorded the neural response in V1 of the monkey to textures composed of vertical and horizontal line segments like those used in Experiment 2. The neurons were found to respond much better to the vertical line segment among the horizontal ones, than to that among the vertical or randomly oriented ones, and vice versa. These neurophysiological recordings highly correlate with the detectabilities of vertical and horizontal line segments in Experiment 2.
Under usual conditions, however, the texture area is clearly perceived while, as described above, the detectors' responses to it could be reduced. This fact indicates that the neural representation for the texture area is more than the output of the detectors. Analogous to the perception of areal brightness and color, it is then suggested that areal texture should also be reconstructed in the filling-in process. Filling-in of texture has also been demonstrated by the perception of texture in the blind spot or in the artificial scotoma (Ramachandran & Gregory, 1991) , and by the texture spreading effect in the Ehrenstein figures (Watanabe & Cavanagh, 1991) . Accordingly, a plausible explanation for suppression of the texture area is the interruption of the filling-in process by masking.
Our masking display had almost no influence on the perception of an odd feature within the texture area, while it had a great influence on the perception of that area. That is, in our masking display, the visual system could segregate the odd feature from other features in the texture, despite the others not being perceived at all. One account for this paradoxical situation is that segregation of the odd feature occurs before filling-in of the texture area. It has been well known that segregation of the odd feature occurs very rapidly (Bergen & Julesz, 1983) . Moreover, there are psychophysical results which show that filling-in of brightness and darkness in the uniform luminance area occurs but takes comparatively longer (Paradiso & Hahn, 1996) . It is thus possible that masking was effective only for the filling-in process, which occurs more slowly than the segregation process.
Selective perception of the odd feature during masking has some additional implications regarding the nature of the filling-in process. The first concern is the problem of how the filling-in process is initiated. It has previously been suggested that the filling-in process is initiated at the gradient of luminance that is detected by the low-level mechanisms (Gerrits & Vendrick, 1970; Paradiso & Nakayama, 1991) . However, selective unmasking of the odd feature suggests that filling-in is initiated at the border between surfaces, which is detected by the higher-order segregation mechanisms, such as the cortical cells described above. The second, which is more important, concerns what is filled in. The previous models (Gerrits & Vendrick, 1970; Grossberg, 1987; Grossberg & Todorovic, 1988) have assumed that the filling-in process carries information about brightness and color of the stimulus. However, our results of texture filling-in suggest that the features to be filled in should include other basic features such as orientation, spatial frequency, and so on. It is then possible that neural representations for various attributes of a surface surrounded by borders are reconstructed in the filling-in process.
